The direct arylation of several common heterocycles, using homogeneous and heterogeneous palladium (pre)catalysts, has been examined by initial rate analysis. The study reveals that apparently distinct palladium catalysts can display similar activities in such transformations, implying formation of a comparable active palladium catalyst phase. A substrate dependence was noted for the palladium catalysts examined.
While highly useful from a synthetic viewpoint, a significant drawback to traditional cross-coupling reactions is the requirement for substrate pre-functionalisation with activating groups such as organoboronic acids or organostannes, among others. Recent advances in direct C-H bond functionalisation chemistry have addressed this issue, as many mild and selective methods can now be used to cleave and generate C-H bonds directly without pre-functionalisation, significantly expanding the toolkit of the synthetic chemist. 3 One issue that remains is the elemental sustainability of rare and precious metals, which increasingly leads to prohibitive costs and issues surrounding the criticality of supply chains. 4 One approach to obviate this concern is to determine whether current palladium catalysts can be used more effectively, by recycling the precious metal from each reaction and preventing it from entering waste streams. 5 Central to this approach is the understanding that many ubiquitous palladium (pre)catalysts often display heterogeneous-type catalytic behaviour, typically through speciation to form higher-order palladium colloids or nanoparticles (PdNPs) under commonly found experimental conditions. This is evident in traditional palladium-mediated cross-couplings 6 and more recently in C-H bond functionalisation reactions.
7
Glorius and co-workers reported the regioselective direct arylation of 2-n-butylthiophene and other simple heterocycles, using the heterogeneous catalyst Pd/C (Scheme 1). 8 It was noted that Pd/C, obtained from different commercial sources, demonstrated profoundly different activities. Several established tests for heterogeneous catalysis were performed and revealed no evidence for active homogeneous palladium species, although poor catalyst recyclability was observed suggesting palladium leaching, or palladium catalyst restructuring, could have occurred under the oxidising conditions. Our group has previously investigated the nature of the active catalyst in similar direct arylation reactions, where the activity of pre-formed 'stabilised' PdNP catalysts can be compared to that of PdNPs formed in situ from nominally homogeneous precursors such as Pd(OAc) 2 .
9 With these observations in mind, we proposed that kinetic examination, using ex situ GC analysis, would provide valuable insight into the behaviour of these and similar reactions.
10
To begin our studies, we identified four palladium catalyst sources which provide a useful test of two ubiquitous precatalysts, a supported catalyst and well-defined palladium nanoparticulate catalyst, namely: Pd 3 (OAc) 6 hereafter Pd(OAc) 2 (>99% purity), Pd 2 (dba) 3 ·CHCl 3 [dba = (E,E)-dibenzylideneacetone], hereafter Pd 2 (dba) 3 (91% purity, based on Ananikov's method), 11 Pd/C (5 wt%, Sigma Aldrich, catalogue number 205680, lot number 06230AJ-298) and PVPPd (PVP = polyvinylpyrrolidinone). The latter catalyst, PVPPd, is an established polymer-supported PdNP catalyst, the SYNLETT0 9 3 6 -5 2 1 4 1 4 3 7 -2 0 9 6 © Georg Thieme Verlag Stuttgart · New York 2016, 27, 1211-1216 cluster A. J. Reay et al.
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synthesis of which provides well-controlled, regular nanoparticles typically between 2-4 nm in diameter (see Supporting Information).
12 These four catalysts were initially applied to the direct arylation of N-methylindole (1) under the conditions shown in Scheme 1.
13 Substrate 1 demonstrated high reactivity under these conditions, with all four palladium catalysts rapidly producing the C-2 arylated product 2.
14 The reaction temperature was lowered to 50 °C to provide improved discrimination between the activity of these catalysts, and reactions followed ex situ by GC analysis (Scheme 2). During this process a novel method of sample quenching by centrifugation with Celite TM was developed to give reliable data (see Supporting Information for details).
Scheme 2 Direct arylation of N-methylindole at 50 °C over 24 h. Data is fitted to a first-order exponential decay equation. Detailed analysis over the initial 7 h shown, final conversions by GC after 24 h; Pd/C: 83%, PVP-Pd: 100%, Pd(OAc) 2 : 66%, Pd 2 (dba) 3 : 88%.
Under the conditions shown in Scheme 2, Pd 2 (dba) 3 and PVP-Pd proved the most active catalysts, with rapid conversion of substrate 1 within the first five minutes of substrate turnover (the first recorded data point). This implies a similarity between the active catalytic species in these reactions, despite the apparently highly dissimilar starting catalysts. Pd/C and Pd(OAc) 2 exhibited markedly different reactivity, although these two catalysts were broadly similar in their activity. These results suggest that if PdNPs are catalysing this reaction, the nanoparticles produced from Pd(OAc) 2 and Pd/C are similar, yet distinct from the nanoparticles produced by Pd 2 (dba) 3 and PVP-Pd. It is also interesting to note that of the catalysts tested, only PVP-Pd led to complete consumption of substrate 1 after 24 hours. Despite its relatively slow initial rate, Pd/C eventually provides conversion that parallels Pd 2 (dba) 3 , which is more active in the early stages of the reaction. However, Pd(OAc) 2 does not achieve these levels of conversion; the activity of this catalyst eventually drops off, despite matching the initial turnover rates of Pd/C. This type of behaviour can be rationalised if the deactivating agglomeration of PdNPs is more facile in the absence of a supporting matrix such as activated carbon, even if the PdNPs originally formed from Pd(OAc) 2 and Pd/C are similar. Conversely, little difference is seen in the reaction profiles when using either Pd 2 (dba) 3 or PVP-Pd as the catalyst.
The four palladium catalysts shown above were examined further in the reaction of benzofuran (3) at 60 °C; kinetic profiles are shown in Scheme 3. Overall, substrate 3 Scheme 1 Direct arylation using Pd/C of thiophenes and related heterocycles 
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demonstrated lower activity towards arylation than N-methylindole (1). PVP-Pd proved to be the most active catalyst, providing ca. 29% conversion to the C-2 arylated product 4 within five minutes, and >90% after 24 hours. 15 Interestingly, Pd/C performed similarly to PVP-Pd, in stark contrast to its poor initial activity when using N-methylindole 1 as a substrate. Pd(OAc) 2 and Pd 2 (dba) 3 displayed poor catalyst activity for this arylation. Comparing arylations 1 2 and 3 4 we can see that there is a substrate dependence on the catalytic activity for this transformation; whether this is due to variation in PdNP formation or behaviour, or rather a difference in palladium leaching rates/catalyst restructuring, is unclear at this stage.
2-n-Butylthiophene (5), the key substrate in the previous study reported by Glorius and co-workers, 8 was also examined under these conditions (Scheme 4). 2-n-Butylthiophene (5) demonstrated catalyst activity lower than that of either N-methylindole (1) or benzofuran (3), as expected, but did reach 86% conversion to the C-3 arylated product 6 after 24 hours, using PVP-Pd as a catalyst (which was again the most reactive catalysts of those tested). 15, 16 Little difference between palladium catalysts was observed during early substrate turnover, which had earlier provided a discrimination between catalysts vide supra. However, the final conversion varied significantly, that is, between worst-performing catalyst, Pd 2 (dba) 3 (42%), and best-performing catalyst, PVP-Pd (86%).
The substrates tested thus far were all reported by Glorius and co-workers to be active under their conditions, when using Pd/C as the catalyst. 8 We hypothesised that 2-n-butylfuran (7) should also prove effective in this protocol, but the original publication states that reaction of this substrate with [Ph 2 I]BF 4 using Pd/C leads to degradation of the starting materials. Conversion to the desired arylated product is feasible using a strongly electron-deficient diaryliodonium salt. 8 We pursued further studies with substrate 7 (Scheme 5). Reaction of 7 under the standard arylation conditions 13 using the four palladium catalysts led to substrate turnover of 7. Reactivity not dissimilar to that of benzofuran (3) was realised, with PVP-Pd and Pd/C proving the most effective catalysts; complete conversion was recorded after 24 hours at 60 °C. Pd(OAc) 2 and Pd 2 (dba) 3 were less effective, with ca. 60-65% conversion after 24 hours.
The activity of these four palladium catalysts is similar over the first hour of the reaction, but a distinction between the palladium catalysts tested is apparent after this time point.
In order to gain a detailed picture of the reactivity of 7 under conditions catalysed by Pd/C, the reaction was repeated at a higher temperature (70 °C) and samples taken at Scheme 4 Direct arylation of 2-n-butylthiophene at 60 °C over 24 h. Data is fitted to a first-order exponential decay equation. Final conversions by GC after 24 h; Pd/C: 66%, PVP-Pd: 86%, Pd(OAc) 2 : 75%, Pd 2 (dba) 3 : 42%.
Scheme 5 Direct arylation of 2-n-butylfuran at 60 °C over 24 h. Data is fitted to a first-order exponential decay equation [with the exception of Pd(OAc) 2 which showed more complex behaviour under the reaction conditions]. Final conversions by GC after 24 h; Pd/C: 100%, PVP-Pd: 95%, Pd(OAc) 2 , 62%, Pd 2 (dba) 3 : 65%. X = starting concentration of substrate at t = 0.
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17
Scheme 6 Direct arylation of 2-n-butylfuran at 70 °C over 10 h. Data is fitted to a first-order exponential decay (substrate) or logarithmic growth (product) equation. X = starting concentration of substrate at t = 0.
It is not obvious why substrate 7 provides excellent reactivity in our hands. It may be that the different sources of Pd/C used provide unique forms of catalytically active palladium. Alternatively, an impurity such as those reported for other commercially available palladium catalysts may be present, 18 which manifests itself when using this substrate. It was noted during our investigations that purification of the arylated product 8 from the Pd/C-catalysed reactions was challenging. Attempted purification of several reactions catalysed by Pd/C afforded inseparable mixtures of the desired product 8 and biphenyl, confirmed by TLC, GC-MS (EI), and 1 H NMR spectroscopic analysis. Iodobenzene is also present as a major byproduct of [Ph 2 I]BF 4 (bp 188 °C), which complicates the matter due to the relatively low boiling point of 8 (95 °C). 19 Purification of 8 by silica gel column chromatography of a separate reaction, catalysed by PVPPd, enabled its isolation in pure form in 45% yield, confirmed as the C2-arylated regioisomer 8 by 1 H NMR analysis.
17 Degradation of ArI III X 2 species to give ArI in similar reactions has been reported previously. 20 The detailed analysis of the initial stages of reaction using these substrates allowed fitting of first-order exponential decay equations, as shown in the appropriate Schemes 2-6. Good fits were obtained in the majority of cases; where line fitting could not be performed this is suspected to be the result of rapid initial reactivity followed by loss of catalytic activity, for example, the reaction of benzofuran with Pd(OAc) 2 as catalyst. These analyses allowed calculation of the initial rate of reaction (k obs ) for the majority of substrate and catalyst combinations; these are shown in Table 1. Errors in these values are calculated from the standard deviation of a linear regression of the initial reaction rates, (least-squares method). These rate constants are broadly similar to one another, lying between ca. 1·10 -6 and 1·10 -5 s -1 for all the catalyst/substrate combinations tested. By comparison, a pseudo-first-order rate constant of 3.5(2)·10 -4 s -1 M -1 for the arylation of 2-methylthiophene has been reported, measured directly with [PdAr( -OAc)(PPh 3 )] 2 in 1,4-dioxane at 90 °C. 21 In conclusion, the effects of four nominally distinct palladium catalysts in direct arylation reactions, mediated by homogeneous and heterogeneous palladium, have been examined. 8 Initial-rate kinetic analysis showed similarities in catalytic behaviour between apparently distinct palladium catalysts, implying that dissimilar catalyst structures can function as precatalysts for the formation of a comparable active catalyst phase; speciation to form PdNPs or clusters is proposed as one possible mechanism for this process, under the reaction conditions tested. It may be that PdNPs are not actively catalysing these reactions (i.e., acting as a palladium reservoir), 22 the active species instead consisting of N-methylindole (1) (9.2 ± 0.5)·10 2-n-butylfuran (7)(at 60 °C) (7.1 ± 0.6)·10 a Rate constants calculated from initial rates using a fitted first-order decay, using at least five recorded data points with ≥90% correlation. All rates are shown in s -1 . In many cases, rapid conversion occurs within ca. five minutes (the first recorded data point), which has not been considered in these data. Hyphens indicate those reactions which cannot be fitted to a first-order exponential decay. b Rate constant for product formation calculated from initial rates using a fitted first-order logarithmic growth (Scheme 6).
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leached mononuclear/lower-order palladium species. If this is the case, then perhaps the parallels between catalyst types manifest as a result of similar leaching rates. Notably, following the initial stages of reactivity more pronounced differences between catalysts were seen, which is indicative of catalyst deactivation.
10d It is important to recognize that whether these results are due to variation in active palladium nanoparticle formation/behaviour, or a difference in palladium leaching rates, is not clear at this stage. In-depth mechanistic studies are required to address these questions.
A pronounced substrate effect has been revealed in these studies, which suggests that reaction conditions, including substrate choice, could be as important as the particular palladium (pre)catalyst used. It is commonplace to see reaction optimisation of a single benchmark reaction in palladium-catalysed direct arylation chemistry, with catalyst type and other reaction conditions varied. We suggest, based on the observations detailed herein, that it is worth also varying substrate type against several palladium catalysts, before reaching a definite conclusion about which particular palladium catalyst is best for subsequent advanced substrate-scoping studies.
2-n-Butylfuran (7), reported to be unstable under direct arylation reaction conditions using Pd/C as the catalyst, 8 has been shown to react effectively to provide the desired direct arylation product 8 with four palladium catalysts iñ 100% conversion. This example represents an illustration of the dichotomy in outcomes that can be observed when using Pd/C, which can be poorly defined. We suggest that such an issue might manifest itself on the scale-up of direct arylation processes using Pd/C. On a general note, our studies highlight the value of simple kinetic analysis of these types of direct arylation reactions, as opposed to the more common practice of evaluating catalyst performance as a function of yield.
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